Background: Functional dependence (FD) and vitamin D deficiency are common conditions in older adults. However, little is known about the relationship between FD and serum vitamin D status in centenarians. The current study was designed to evaluate the prevalence of FD and examine its relationship with serum vitamin D status among centenarians in China. Subjects and methods: A cross-sectional study of a large sample of Chinese centenarians including 180 men and 822 women was conducted from June 2014 to December 2016. Home interviews, physical examinations, and blood analyses were performed in 958 centenarians following standard procedures. FD was evaluated using the Barthel index of activities of daily living (ADL). Serum 25-hydroxyvitamin D (25OHD) concentrations were measured as a marker of vitamin D status. Results: The prevalence of centenarians with FD was 71.2%. Vitamin D deficiency, lack of tea consumption, lack of outdoor activities, visual impairment, and fracture were predictors of FD. Centenarians in the lowest quartile of serum 25OHD concentration had an approximately threefold greater likelihood of FD than those in the highest quartile in multiple logistic regression models (OR =2.88; 95% CI 1. 75-4.73; P,0.001). The multivariable OR with a 1 ng/mL decrease in serum 25OHD concentration was 1.06 (95% CI 1.04-1.08; P,0.001) for FD. Conclusion: Serum 25OHD levels have important associations with FD in Chinese centenarians. Future research could focus on the value of intervening in the case of low serum 25OHD levels through vitamin D supplementation and improving ADL in the older population.
Introduction
Functional dependence (FD), an aspect of disability measured by impairment in the activities of daily living (ADL; eg, feeding, dressing, bathing, and toileting), 1 is related to numerous adverse health outcomes such as cognitive decline, 2 mental disorder, 3 worse resident quality of life, 4 and the increased caregiver stress, 5 and it plays a major role in transitions from independent living to nursing home care. 1, 6 In fact, with the rapid increase in life expectancy, the oldest old individuals (85 years of age and older) have been the fastest growing segment of the population. The oldest old individuals are more susceptible to FD with advanced age. 7 The maintenance of physical function in late life is an important factor not only for a healthy and independent life in the community but also for preventing negative outcomes such as disability and early mortality. [8] [9] [10] FD with aging is likely linked to several musculoskeletal and nutritional risk factors; thus, there is a further need to elucidate the impact of these factors in populations with advanced age.
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As a musculoskeletal risk factor, hypovitaminosis D is very common among older adults worldwide due to the reduced capacity of the skin to produce vitamin D, reduced sunlight exposure caused by less outdoor activity, and impaired nutrition. [13] [14] [15] Previous studies have investigated the relationship between FD and vitamin D deficiency in older adults. [16] [17] [18] However, only a few studies with a limited sample size have examined its relationship among the oldest old individuals, and contentious findings have been reported. 19, 20 In addition, surveys on the relationship between FD and vitamin D levels in centenarians are scarce, especially in developing countries. Considering the high prevalence of vitamin D deficiency and functional decline as people age, the relationship between vitamin D status and functional performance warrants a more focused examination among the oldest old populations including centenarians.
For these reasons, the aim of the current study was to investigate the prevalence of FD and to evaluate its relationship with serum 25-hydroxyvitamin D (25OHD) status among a group of population-based centenarians in China.
Subjects and methods study population
The sample of this study was obtained from the baseline survey of the China Hainan Centenarian Cohort Study (CHCCS), which was conducted in Hainan, China, from 2014 to 2016. Details of this study including sampling strategy and interview procedures have been described elsewhere. 21, 22 In brief, a total of 1,002 centenarians (180 men and 822 women aged 100 years and over) were interviewed, and blood samples were collected in this study. After excluding 44 participants who failed to provide complete information on physical examinations or blood analyses, 958 subjects (176 men and 782 women) were included in the final analysis.
Written informed consent was obtained from all men and women who participated in this study. The ethics committee of the Hainan branch of the Chinese People's Liberation Army General Hospital (Sanya, Hainan) approved the study protocol (no. of serial: 301hn11201601).
Functional performance
To evaluate the FD of the centenarians, the Barthel index on the ADL was used; 23 the validity and reliability of this tool in Chinese older people have been well established. 24 The Barthel index consists of ten items that measure a person's daily activities: grooming, feeding, dressing, bathing, toilet use, transferring from bed to chair, walking, stair climbing, bowel continence, and urinary continence. Each item of the ADL is rated on a scale with a given number of points assigned to each level of activity, and the total score ranges from 0 to 100 points with 5-point increments (Table S1) . A higher score indicates higher levels of function. Items of the Barthel index are regarded as dependent if they are performed with any help from other people. 25 Participants were deemed to have good functional capacity (independence) when the total score was $95 points; participants with a total score of ,95 points were regarded as dependent. 26 
Vitamin D status
Serum circulating 25OHD is commonly measured to reflect vitamin D status. 27 Blood samples were obtained from each participant by an experienced nurse and transported in cold storage to the Clinical Laboratory of the Hainan branch of the Chinese PLA General Hospital. Serum 25OHD concentrations were measured by automated radioimmunoassay analyzers (DiaSorin, Stillwater, MN, USA) using a standard procedure. The inter-assay and intra-assay coefficients of variation for serum 25OHD in the current study were 8.3% and 6.7%, respectively. Vitamin D deficiency was defined as 25OHD ,20 ng/mL or 50 nmol/L according to the Endocrine Society Clinical Practice Guidelines. 28 
Covariates
Home interviews were conducted to collect data on the demographic details (age, gender, education, marital status, ethnicity, and living arrangements), season of blood collection, lifestyles (smoking, alcohol use, tea consumption, and outdoor activities), and common conditions (hypertension, diabetes, dyslipidemia, visual and auditory impairments, and fractures) of the participants. The ethnic origin was categorized as "Han" (the predominant ethnicity in China) and "non-Han"; the season of blood sampling was dichotomized into summer (April-September) and winter (October-March). The body mass index (BMI) was calculated as the weight in kilograms divided by the square height in meters. Blood samples from each participant were collected, and the plasma parathyroid hormone (PTH) levels were measured using automated electrochemiluminescence immunoassay (ECLIA) analyzers (Hoffman-La Roche Ltd., Basel, Switzerland). Smoking and alcohol use were categorized as "current," "past," and "never." The habits of daily tea consumption and outdoor activities (more than 10 minutes) were divided into "yes" or "no." Common conditions, including hypertension, diabetes, dyslipidemia, visual impairment, auditory impairment, and fractures, were recorded as self-reported combined with the medical records of the participants. 
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Prevalence of functional dependence in Chinese centenarians and its relationship statistical analyses Categorical variables were reported as numbers with percentages, while continuous variables were reported as the mean with SD, and they were compared by Student's t-test and chi-squared test, respectively. Multiple logistic regression analyses were performed to investigate the independent factors related to FD.
To examine its relationship with functional dependency, serum 25OHD concentrations were further categorized into quartiles (lowest, ,16.3 ng/mL; second, 16.4-21.5 ng/mL; third, 21.6-28.0 ng/mL; and highest, .28.1 ng/mL). Differences of the Barthel index score and the sum of dependent items of ADL among four groups according to the quartiles of serum 25OHD levels were evaluated using one-way ANOVA and linear polynomial contrast analyses.
To elucidate the level of serum 25OHD associated with FD, logistic regression analyses were used to evaluate the odds of FD according to the quartiles of the serum 25OHD concentrations and a 1 ng/mL decrease in serum 25OHD concentrations with multiple adjustments for potential confounders. P for trend was evaluated by entering FD in the model as a ranked variable. A P-value of ,0.05 was considered statistically significant. All analyses were carried out using SPSS software (version 19.0 for windows, no. of serial: 5087722; IBM Corporation, Armonk, NY, USA).
Results
The study sample included 782 women (81.6%) and 176 men (18.4%) with the mean age of 102.8 years. The prevalence of FD and vitamin D deficiency in the total sample was 71.2% and 39.7%, respectively. It was observed that 74.0% of women and 58.5% of men were functionally dependent (P,0.001), and 80.0% of participants with vitamin D deficiency and 65.4% without vitamin D deficiency had FD (P,0.001). Table 1 summarizes the characteristics of participants with and without FD. The participants with FD had significantly lower values of serum 25OHD concentrations (21.7±9.5 vs 25.3±8.8 ng/mL; P,0.001) than those without FD. Subjects who were female, were illiterate, lived with family members, were evaluated in winter, were vitamin D deficient, had a higher PTH concentration, participated in 
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Yao et al less outdoor activities, had visual or auditory impairment, and suffered a fracture were more likely to be functionally dependent (P,0.05). Alcohol use and tea consumption were more common in functionally independent participants (P,0.05). Multiple logistic regression analyses revealed that vitamin D deficiency, tea consumption, outdoor activities, visual impairment, and fracture were significant factors related to FD in this population (Table 2 ). In addition, the participants with vitamin D deficiency have higher odds of dependence in eight functional items (including grooming, bathing, toilet use, dressing, feeding, stair climbing, transferring from bed to chair, and walking) than those without vitamin D deficiency (Table S2) . After participants were categorized into four groups according to the quartiles of serum 25OHD concentrations, an elevated trend of the Barthel index score (ranging from 64.6 in the lowest quartile to 82.5 in the highest quartile, P for trend ,0.05) and a decreased trend of the sum of dependent ADL items (ranging from 4.8 in the lowest quartile to 2.6 in the highest quartile, P for trend ,0.05) were observed. The trends remained constant after the stratification of participants by gender (Figure 1) . Table 3 summarizes that the adjusted OR for the lowest vs highest quartile of serum 25OHD levels was 2.88 (1.75-4.73), and the adjusted odds of FD when comparing Notes: Quartiles for serum 25OhD are as follows: quartile 1, ,16.3 ng/ml; quartile 2, 16.4 to ,21.5 ng/ml; quartile 3, 21.6 to ,28.0 ng/ml; quartile 4, 28.1 ng/ml or higher. In general, elevated trends of the Barthel score (ranging from 64.6 in the first quartile to 82.5 in the fourth quartile) and descending trends of the sum of dependent items of ADL (ranging from 4.8 in the first quartile to 2.6 in the fourth quartile) were observed when serum 25OHD levels were elevated (P for linear trend ,0.001). After the participants were stratified by gender, the Barthel score increased from 64.9 in the first quartile to 80.9 in the fourth quartile among women and from 60.3 in the first quartile to 86.0 in the fourth quartile among men (P for linear trend ,0.001), and the sum of dependent items of ADl among women and men decreased from 4. 
Discussion
In this study, we observed an association between serum 25OHD levels and FD in a population-based sample of Chinese centenarians in Hainan province. Low serum 25OHD levels were associated with an increased prevalence of FD, and this association remained unchanged after adjusting for demographics and other potential confounders. Based on this Chinese study with a relatively large sample size, we added to the evidence of the association between vitamin D status and FD among extremely longevous people. Several studies have shown an association between low serum vitamin D levels and FD among older individuals in developed countries such as USA and Japan. 16, 18 To the best of our knowledge, this is the first study to specifically focus on the relationship between FD and serum 25OHD levels in a representative sample of centenarians from a developing country.
The maintenance of physical function in old age is an important factor not only for a healthy and independent life in the community but also for preventing disability and early mortality. 9, 29 The current population-based study reported that nearly 3/4 of centenarians were functionally dependent; in other words, these subjects exhibited a decline in physical function and required help in the basic ADL. The finding is consistent with that of previous studies that have reported that the prevalence of FD among centenarians was 81% in Japan, 30 76% in the USA, 31 67% in Poland, 9 and 61% in Australia. 32 However, a lower dependence rate of 53% was observed in Denmark. 33 Despite the controversy surrounding this concept, it was observed that centenarians who were functionally dependent were more likely to have 1-year mortality at a rate of 11.1% compared to those who were not; 9 further effective interventions should be addressed among this population with FD.
The current study found that lower vitamin D levels were associated with higher adjusted odds of FD in the very old. In addition, higher Barthel scores and fewer dependent items of ADL were observed as the serum 25OHD levels increased, suggesting that vitamin D may exert a dose-dependent effect on physical function. This result was comparable with the findings of other studies in old adult populations. 16 However, a study of Georgia centenarians has reported that vitamin D status is not associated with physical function but rather with grip strength; this diverse result could be explained by different measurements used by the Georgia Centenarian Study Composite Scale which had very different components from the Barthel index. 19 Several pathophysiological mechanisms may explain the link between low serum 25OHD levels and FD. First, vitamin D plays a beneficial role in the musculoskeletal system, and low serum 25OHD levels have been reported to be associated with osteoporosis, sarcopenia, and fractures, which lead to frailty and functional decline. 34 The bioactive form of vitamin D, calcitriol, has been reported to regulate the cell biology of skeletal muscle, and the expression of vitamin D receptor (VDR) played a role in skeletal muscle regeneration following injury. 35 VDR gene polymorphisms are also associated with variations in muscle strength in human beings, and genetic ablation of VDR leads to muscle fiber atrophy and motor deficits in mice. Second, vitamin D deficiency is associated with arterial stiffness and endothelial function, which have potential adverse influence on physical function. [36] [37] [38] Calcitriol also modulates expression in vascular smooth muscle cells, thus protecting against vascular calcification and arterial stiffness and further reducing the risk of heart attack, stroke, or other cardiovascularrelated disabilities. 39 Third, the immunomodulatory effect is also a physiological role of vitamin D, where calcitriol 
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Yao et al regulates both adaptive and innate immunity and is related to host resistance to infection. 40, 41 Moreover, vitamin D has been reported to play a critical role in cognitive function and mental health. 3, 42 Vitamin D plays a neuroprotective role through several physiological mechanisms such as calcium homeostasis, neurogenesis, antioxidant defense, immunomodulation, and amyloid beta clearance. [43] [44] [45] Serum 25OHD concentrations, not calcitriol, were measured as a marker of vitamin D status in this study. Quantitation of serum 25OHD provides a clinically useful and reliable assessment of one's vitamin D status for several reasons. 46 First, the serum half-life of serum 25OHD is approximately 3 weeks. 47 This rather long circulating half-life serves as an accurate marker of vitamin D scores obtained from both ultraviolet B radiation and dietary intake over long periods. Second, liver production of serum 25OHD is not significantly regulated and is primarily dependent on substrate concentration. For these reasons, the measurement of serum 25OHD provides the best estimate of an individual's vitamin D status. 27 Several observational studies have reported associations between functional declines with lower serum 25OHD levels. 16, 48 In addition, a few randomized control trials have shown evidence that vitamin D supplementation improves functional performance. 17, 49 Thus, maintaining adequate vitamin D levels or the intake of vitamin D supplements among the very old may potentially help to prevent declines in physical function and preserve good ADL. 18, 19 Considering the low cost of vitamin D supplements and the lack of habitual intake of vitamin D supplementation among the elderly population in China, it is critical to closely examine the association between vitamin D levels and the preservation or improvement in physical function in this population.
Limitations
As there is little knowledge on FD and limited data on the relationship between functional decline and vitamin D status among the very old in developing countries, our data provide novel insights into the nature of this relationship among a representative sample of centenarians in China. Nevertheless, the study has some potential limitations. First, our results do not indicate any causal inferences due to the cross-sectional design, and additional cohort studies with follow-up data are essential to strengthen the evidence. Second, other factors such as cognitive impairment and psychological situations were not included in this study, and hence, potential confounders may remain unrecognized. Third, the data on chronic conditions were based on self-reported data; thus, the subjectivity derived from it should also be acknowledged in this study.
Conclusion
This study reports that FD is common in a population-based sample of centenarians in China, and serum 25OHD levels were independently and inversely associated with FD in this extremely longevous population. Future research could focus on the value of intervening in the case of low serum 25OHD levels through vitamin D supplementation and improving ADL in older populations.
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